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27
Human hands are capable of carefully manipulating products of different shapes at high speed 28 and classifying them according to the response of their internal tactile sensors. Human 29 manipulation is widely used for the packaging of horticulture products. The introduction of 30 industrial robotics into the primary packaging of food has a huge potential [1, 2] . To meet this 31 challenge, robot grippers have to improve their capability to handle irregular products and 32 incorporate reliable and robust tactile sensors. 33
For a gripper, handling irregular products with varying shapes is a challenging task and more 34 so if the products are sensitive, like some fruits or vegetables. Different approaches have been 35 followed in an attempt to achieve the necessary dexterity. Robotic hands seek to come close 36 to the degrees of freedom of the human hand with complex mechanisms, sensors and control 37 systems. In general, they are too complex and cannot achieve the necessary speed, reliability 38 and cost to accomplish the industrial requirements [3] . Grippers with simple mechanisms and 39 controls are required. Underactuated mechanisms reduce the number of actuators without 40 reducing the degrees of freedom of gripper fingers, and increase the grasping dexterity to 41 adapt to different product shapes [4] . Underactuation can be used to develop robot hands [5] 42 even in some industrial applications [6] . The design of underactuated mechanisms requires a 43 large amount of arduous work to find the best solution [7] , their behavior is nonlinear and 44 specific algorithms are necessary to estimate their contact forces [8] . 45 Compliant fingers or gripper mechanisms help the gripper to grasp irregular products. A 46 distributed compliant gripper made of silicone allows adaptation to products with varying 47 shapes and surfaces [9] . In robotic hands, some developments can be found with a fully 48 compliant robot hand [10] , with a concentrated compliant in the fingers of an underactuated 49 robot hand [11] or a robot hand with a compliant actuator [12] . Some authors [13] tested 50 fingers covered with a membrane with inflatable rubber pockets. If a membrane is filled with 51 granular material, the pad easily adapts to the product shapes. The control of the inside 52 pressure of an elastic membrane filled with granular materials has been used to adjust its 53 stiffness by means of the jamming transition. This property has great potential in robotics for 54 developing robot grippers [14] , for example, with this technology it is possible to develop a 55 universal gripper [15] . The jamming transition can be used for the control of stiffness in the 56 fingers of parallel grippers [16, 17] . 57
In robotics, a tactile sensor is "a device or system that can measure a given property of an 58 object or contact event through physical contact between the sensor and the object" [18] . 59 direct contact, and extrinsic when the sensor does need to be in contact [19] . Since intrinsic 61 sensors are not in direct contact with the product, this can affect the quality of the signals 62 received. But intrinsic sensors can be embedded away from the risk of damage from direct 63 contact and it is not necessary to use an array of sensors, which simplifies installation and 64 control. Despite these advantages most of them are extrinsic. Conductive silicone rubber has 65 been used as an intrinsic sensor in compliant joints [20] and has been embedded in a 66 compliant gripper [21] to detect the presence of objects with different sizes and orientations. 67
This material has high hysteresis but its behavior can be predicted with an adaptive neuro-68 fuzzy inference system [22] . Another possibility is the use of micro-electro-mechanical 69 devices with low hysteresis and quasilinear behavior as intrinsic sensors. Piezoresistive sensors placed on the fingers allow tomatoes and peppers to be classified 84 according to their ripeness [34] . 85
The purpose of this research is to study the information that accelerometers attached to the 86 fingers of grippers can provide as tactile sensors and the potential use of this technique in 87 industrial pick-and-place robot processes. The grippers use accelerometers to identify the 88 phases of the actions they perform while grasping an object and several methods are proposed 89 for measuring the hardness of the grasped products. Hardness is estimated by processing 90 deceleration time during the grasping action, by the severity of the deceleration at the first 91 product/finger contact, and by the highest deceleration peak. Accelerometer signals are processed to obtain different parameters, which are then used to 165 estimate the hardness of the cylinders grasped by gripper I. These parameters are extracted 166 according to different methods. 167 a) Parameters extracted from the analysis of the signal during the time in which the 168 fingers start to be in contact with the product until the product and gripper move 169 together (Equations 1-4). 170 have noise from the gripper mechanism, which not only collects information about the 310 impacts between fingers and mangoes, and hence it is more difficult to distinguish when 311 mangoes are more or less firm. In order to mitigate those noises, fingers B and C are fixed and 312 only finger A moves (Figure 13, right) . This mechanical configuration reduces the noise. In 313 the original design, with two suction cups, sometimes one of them does not adjust to the shape 314 of the mangoes, thus producing vacuum leakage. The best results are obtained with only one 315 suction cup that helps to lift the mangoes a little bit while keeping them in contact with 316 fingers B and C. 317 Figure 14 shows the deceleration of the fingers of gripper IV while the fingers hit one mango. 318
In this example the deceleration of finger A had two peaks due to rebounds during the impact. 319
The second deceleration peak could sometimes be higher than the first one, such as the case in 320 The method developed to assess the firmness of eggplants and mangoes with accelerometers 405 in robot grippers requires the use of suction cups and hence is limited to products capable of 406 being handled with such cups. 407 
Conclusions
